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stearothermophilus spores (FS 7954) suspended in phosphate buffer (pH 7) were studied over a temperature range of 127.2 to 143.8 C and exposure times of 0.203 to 4.150 sec. These short exposures were achieved by use of a tubular flow reactor in which a suspension of spores was injected into a hot flowing stream at the entrance of the reactor. Thermal equilibria of the suspension with the hot stream was achieved within 0.0006 sec. After flow through a fixed length of reactor, the stream containing the spores was cooled by flash vaporization and then assayed for viable count. The death rate data were fitted by a logarithmic expression. However, logarithmic death rate was only approximated in the tail or high-kill regions of exposure. Death rate constants obtained from this portion of the data were found to correlate by Arrhenius as well as Absolute Reaction Rate Theory relationships. Thermal-death time curves were found to correlate the data rather poorly. The activation energy and frequency constant for an Arrhenius relationship fit of the data were found to be 83.6 kcal/gmole and 1047.2 min-', respectively. The standard enthalpy and entropy changes for an Absolute Reaction Rate Theory relationship fit of the data were found to be 84.4 kcal/gmole and 157 cal/gmole-K, respectively.
A vast amount of research has been conducted on the effect of temperature on bacterial death. Many different techniques have been employed. To study high temperature exposures, one group of workers (Stern, Herlin, and Proctor, 1952; Stern and Proctor, 1954) utilized sealed capillary tubes. Small amounts of bacterial suspension (0.025 ml) can be heated to relatively high temperatures within 6 to 10 sec. If the heating character of these tubes is known, it is possible to account for the nonisothermal portion of the exposure by applying proper corrections. Other workers (Tobias, Herreid, and Ordal, 1953; Tobias, Kaufman, and Tracy, 1955; Collins et al., 1956; Read et al., 1957) employed small-bore, plate-type heat exchangers to study bacterial death at high temperatures. This equipment also required that the nonisothermal heating and cooling periods of the test suspension be taken into account. Where high temperature exposures were desired, necessitating short exposures, the accuracy with which exposure time could be measured and the killing in the heating and cooling periods governed the upper temperature limit that could be studied. For temperature conditions in which the assayable portion of the bacterial population was killed within seconds or fractions of seconds, these techniques have proved inadequate. Just recently, another worker (Wood, 1961) suggested the use of an adiabatic flow reactor technique for high-temperature, short-time exposures. With this equipment, it was possible to obtain thermal equilibrium within fractions of a millisecond and accurately known exposures as short as 0.1 sec. A modification of this later technique was employed in this study.
The death rate of bacteria has been considered to be logarithmic in character. In the case of bacterial spores, it has generally been observed that the death rate is logarithmic only in the tail or high-kill portions of exposure. The temperature dependence of the death-rate constants has been related by many workers (Ball, 1923; Ball, 1928; Townsend, Esty, and Baselt, 1938; Speck, 1947; Anderson, Esselen, and Fellers, 1949; Tischer and Hurwicz, 1954 ) as a linear function of temperature. In all instances, these findings, referred to as thermal-death time curves, have been restricted to narrow temperature ranges. Several workers (Rahn, 1945; Amaha, 1953; Levine, 1956) pointed out that this linear relationship is simply an approximation of either the Arrhenius or Absolute Reaction Rate Theory behavior over a small range of absolute temperatures. Extrapolation of death-rate data over a wide temperature range with the use of thermal-death time curves can lead to serious errors.
The primary aims of this work were to test a technique of obtaining accurate high-temperature kinetic data of bacterial spore death and to show the appropriate relationships which should be used to correlate such data.
M\'ATERIAL AND METHODS
The apparatus used for this study is shown schematically in Fig. 1 . Distilled water in a stainless-steel reservoir was kept under pressure by compressed nitrogen, and was heated to a designated temperature by means of strip heaters. The spores, suspended in phosphate buffer (pH 7), were kept at ambient temperature in a second stainlesssteel reservoir. The flows of the respective fluids were effected by means of the compressed nitrogen, and the rates were regulated by fine-control needle valves. The exact flow rate of the spore suspension was determined by a calibrated rotameter, and the overall flow rate was determined by fluid collection. The heated water and the spore suspension were then mixed in appropriate volumetric flow ratios at the mixing chamber to achieve a de-sired exposure temperature. Thermal equilibrium of the fluids was achieved in the mixing chamber in 0.6 millisecond. This was determined by mixing solutions of 0.3 N HCl and 0.2 N NaOH in the chamber and observing the temperature rise due to heat of neutralization. A small movable thermocouple was inserted at various distances downstream from the mixing chamber, and the temperature increase due to the neutralization reaction was recorded. At a typical suspension velocity of 250 cm/sec, the distance downstream from the center of the mixing chamber where 99 % of the total temperature rise had been accomplished was found to be 1.5 mm. It was this observation that led to the conclusion that the mixing or equilibrium time was 0.0006 sec.
The heated suspension leaving the mixing chamber was held at the equilibrium temperature for a given length of time by flow through a fixed length of adiabatic reactor. The reactor consisted of 0.069-in. stainless-steel tubing which was housed in an insulated isothermal reaction chamber. The time of exposure was controlled by changing either the flow rate or reactor length. After flowing through the reactor, the suspension was cooled by instantaneous expansion to atmospheric pressure in a flash chamber. Further heat removal was effected by a cold-water condenser. The exposed spore samples were collected and plated to determine viable count and, hence, degree of destruction.
Bacillus stearothermophilus (FS 7954) spores were grown in an agar medium containing the following: Vitamin Free Casamino Acids, 1.0 g; glucose, 2.5 g; yeast extract, 5.0 g; MnSO4, 0.1 g; FeSO4, 0.001 g; and agar (Difco), 30.0 g. The medium was diluted with distilled water to 1.0 liter and adjusted to pH 6.8. After 96 hr of growth at 55 C, microscopic examination showed that 95 to 99 % sporulation had occurred. At this time, the spores were harvested, washed, and suspended in phosphate buffer (pH 7). To maintain homogeneity for the test runs, different lots of the harvested spores were pooled into a single lot which was used throughout the study.
Plate counts for the initial as well as the surviving spores were carried out with the same medium except that the agar concentration was 35 g per liter. The plates were counted after 48 hr of incubation at 55 C. In all cases, each datum point consisted of triplicate plates with counts of 30 to 300 colonies per plate.
Because there is a velocity distribution of the flow inside the reactor, there is a resulting distribution of dwell or residence times of fluid in the reactor. Bacterial spores also have a distribution of residence times in flowing through the system. This distribution must be considered in calculating death-rate constants. Determination of residence time distributions for the reactor under various flow conditions was accomplished by observing the concentration change at the reactor outlet due to a forced step change in inlet salt concentration. From these observations, a mathematical model was proposed to fit the observed residence time distribution data, and was used in digital computer calculations to determine rate constants from the platecount data. Details of these calculations are discussed elsewhere (Wang, 1963) . It is sufficient to state that deviations from plug flow in the reactor have been properly accounted for in this study.
RESULTS
In describing the death of the bacterial spores, a logarithmic fit was used, i.e., dN dN = -kN dO (1) or dlnN = -k de (2) where N is the bacterial concentration, 0 is the time and k is the specific death-rate constant. If death rates were expressed in terms of the decimal reduction time, D, the logarithmic death behavior expression would be
The temperature dependence of this rate constant, either k or D, may be expressed in one of several ways: 
where AE is the activation energy of the death reaction, A is the Arrhenius equation constant, R is the gas-law constant, T is the absolute temperature, kB is Boltzmann's constant, h is Planck's constant, AS* is the standard entropy change, AH* is the standard enthalpy change, D250 is the decimal reduction time at 250 F, t is the temperature in Fahrenheit, and z is a constant. With the flow reactor, temperature dependence of the specific rate constant for B. stearothermophilus spores was determined over the temperature range of 127.2 to 143.8 C, with exposure times of 0.203 to 4.150 sec. An Arrhenius plot of the data is shown in Fig. 2 .
From a least squares fit of the data in Fig. 2 , the following constants were obtained: activation energy (AE), 83.6 kcal/gmole; Arrhenius constant (A), 1047 2 min-'; standard enthalpy change at 135 C (AH*), 84.4 kcal/gmole; standard entropy change at 135 C (AS*), 157 cal/gmole, K.
To ascertain the validity of the results, data obtained for a lower temperature range with the use of the capillary tube technique, in which corrections for heat lag had been taken into account (Scharer, unpublished data) were also Fig. 2 (solid hexagons) . These data yielded activation energy and Arrhenius constants that were not statistically different from those obtained with the flow data. Hence, it was concluded that the adiabatic flow reactor technique yielded good results.
With the use of results of capillary-tube experiments in the low-temperature range, a thermal-death time curve was constructed (Fig. 3) . This curve was extrapolated to higher temperature ranges and compared with the high temperature flow data. At the highest temperature for which results were obtained, there was nearly 160% disagreement between the experimental results and those obtained by a thermal-death time-curve extrapolation. These differences cannot be attributed to heat lags, because the mixing time test showed that the lag was only in the order of 0.0006 sec or less than 0.3 % of the shortest exposure time. Neither can they be attributed to improper temperature measurements, because the thermocouples at both the inlet and outlet of the reactor were carefully calibrated, and repeated measurements were made during a run, indicating that the maximal deviation possible is only 10%. Hence, it is evident from Fig. 3 that a thermal-death time curve is a poor way to correlate data over an extended temperature range. 
